analyses of closely related species should use information from multiple, independent genes with relatively high rates of sequence evolution. To investigate species for which there are few prior sequence data for single-copy nuclear (scnDNA) genes, primers for gene amplification can be designed to highly conserved regions of exons in order to amplify both coding (exons) and noncoding (introns) sequences. We have explored this approach in a phylogenetic analysis of six species of pinnipeds that, together with terrestrial carnivore outgroups, encompass divergence times ~40-50 Mya. We sequenced one intron from each of the aldolase A (&D-A), aldolase C (ALD-C), and histone H2AF genes; one exon from the major-histocompatibility-complex DQA gene; a H2AF processed pseudogene (vH2AF) ; and, for comparison with the nuclear genes, the 5 ' portion of the mitochondrial DNA ( mtDNA ) control region. The pinniped w H2AF genes were found to be of limited use because they were paralogous with the gene in the outgroup. The rate of silent substitution in scnDNA (primarily introns) was 5-1 O-fold lower than that for mtDNA control region I, and scnDNA sequence divergence increased linearly with time ~40-50 Mya. Alleles at three polymorphic scnDNA loci (ALD-A, HZAF, and DQA) in the southern elephant seal were paraphyletic with respect to the allele from the closely related northern elephant seal, while the more numerous mtDNA alleles were monophyletic.
Introduction
The field of molecular systematics has made giant strides in the past decade, with attention focusing on a small selection of genes, especially mitochondrial DNA (mtDNA) and ribosomal RNA genes (reviewed in Hillis and Moritz 1990; Miyamoto and Cracraft 199 1) . However, both empirical ( Miyamoto et al. 1987; Powell 199 1; Smouse et al. 199 1; Ruano et al. 1992 ) and theoretical (Pamilo and Nei 1988; Takahata 1989; Wu 199 1) studies point to the need to obtain sequence information from several loci and several individuals,' particularly for analyses of closely related species where the retention of ancestral polymorphisms can result in differences between gene trees and the species phylogeny.
Accordingly,
there is increasing interest in identifying a suite of single-copy nuclear DNA (scnDNA) sequences that have suitable evolutionary rates and that are amenable to efficient analysis within and among taxa. Noncoding regions, because of their high rate of base substitution relative to exons (reviewed by Li and Graur 199 1)) are potential sources of phylogenetically informative variation and have been used with varying degrees of success in well-studied groups such as primates (e.g., see Koop et al. 1989) and Drosophila (e.g., see Hey and Kliman 1993 ) . The use of noncoding sequences in less intensively studied groups has generally been limited by the availability of sequence data enabling the design of primers for gene amplification.
Several recent studies have explored the use of primers designed from conserved regions of exons to amplify and sequence variable coding and noncoding regions (i.e., exons and introns) of scnDNA in species for which there is no prior sequence information, and this approach has revealed useful intraspecific variation (Lessa and Applebaum 1993; Slade et al. 1993 ). However, the use of this approach for phylogenetic studies of closely related species has not been fully explored. The analysis of the same loci from both population genetic and phylogenetic perspectives will allow an assessment of the effect of sorting of ancient polymorphisms on species trees (Neigel and Avise 1986) and can provide insights into molecular evolution, e.g., the role of selection on patterns of nucleotide substitution (Kreitman 199 1) . In this study we extend the use of these broadly applicable primers to a phylogenetic study of scnDNA sequences (primarily introns) amplified from species of marine carnivores ( pinnipeds) and terrestrial carnivores (dog and old-world badger), spanning estimated divergence times between ~1 Mya and 40-50 Mya. These species were selected to represent a range of divergence times and levels of relationship, including those within species (southern elephant seal, ikfirounga leonina), within genus (+ northern elephant seal = Mirounga spp.), within subfamily ( + weddell and leopard seals = Monachinae), within family ( + harbor seal = Phocidae), within pinnipeds (+ fur seal), and within order (+ dog or old-world badger = Carnivora).
Congruence among gene trees. was examined by comparing the individual gene trees and the composite scnDNA tree with one derived from mtDNA sequences. The effects of intraspecific polymorphism on gene trees were investigated by comparison of multiple alleles from the southern elephant seal against the sequence from the closely related northern elephant seal.
Material and Methods

Sequences
were obtained from the products of polymerase chain reaction (PCR; Mullis and Faloona 1987) amplifications by direct sequencing or via cloning. Details of all PCR materials; the design, position, and sequence of primers H2A2, H2A4, H2A5, H2A6, H2A8, DQAl, and DQA2; cycling parameters for H2AF, vH2AF, ALD-A, ALD-C, and DQA gene amplifications; cloning procedure; and the protocols used for sequencing protocols have been given by Slade et al. ( 1993) . The Ald-1 and Ald-2 primers are described by Lessa and Applebaum ( 1993) . For details of the THR primer, see Kocher et al. ( 1989; their L15926 primer) . Other primers were DQA5 ( 5'-CTC ACC ACA GAG GTT CC-3') and TDKD (5'-CCT GAA GTA GGA ACC AGA TG-3'; T. D. Kocher, personal communication ) . The H2AF gene was amplified with primer pair H2A8 /H2A5 (primer pairs are written as upstream primer/downstream primer) and a region sequenced with primers H2A2 and H2A5. A processed pseudogene of H2AF (i.e., yH2AF; see Slade et al. 1993 ) was amplified and sequenced with primer pair H2A6/H2A4. The ALD-A and ALD-C genes were amplified and sequenced with primer pair Ald-1 /Aid-2. The DQA gene was amplified with primer pair DQA 1 /DQA2, and exon 3 was sequenced with DQA2 and DQAS. The 5 ' portion of the mtDNA control region (control region I), including threonine and proline tRNA sequences, was amplified and sequenced with primer pair THR / TDKD. Amplification parameters for THR/TDKD were 35 cycles of 94OC, 1 min; 50°C, 1 min; and 72°C 1 min.
The species used in this study are detailed in the legend to figure 1. Their relevant taxonomic affiliations are shown in figure 2A . Intraspecific variation for the southern elephant seal was assessed in as many as five individuals from each of the three main breeding populations, i.e., South Georgia Island in the southern Atlantic ocean (SG), Heard Island in the southern Indian ocean (HD), and Macquarie Island in the southern Pacific ocean (MQ).
Sequences were aligned with the CLUSTAL program (Higgins and Sharp 1988) and were adjusted manually to increase overall similarity.
The estimate and standard error (SE) of the number of synonymous substitutions for pairwise comparisons of exon sequences were calculated as by Li ( 1993 ) . For noncoding regions the estimate of the number of nucleotide substitutions and its SE were calculated as by Kimura ( 1980) , either by hand or with the MEGA suite of programs (Kumar et al. 1993) . For noncoding regions combined ( number of regions = n) the genetic distances were calculated as arithmetic means weighted by the number of sites in each region, and the SE was calculated as being approximately
where wi is the proportional weight due to the number of sites used in the calculation of SEi . The maximum variance of the nucleotide divergence between groups of species was calculated as by Takahata and Tajima (1991) .
Phylogenetic analyses were based on (i) the minimum-evolution method ( Rzhetsky and Nei 1992 ) using Jukes-Cantor (Jukes and Cantor 1969) genetic distances for scnDNA and Kimura's ( 1980) two-parameter genetic distances for mtDNA (for the calculation of all distances gaps were deleted only between each pair of sequences, i.e., by the pairwise-deletion method) and (ii) maximum parsimony using the PAUP 3.0s program (Swofford 199 1) . The reliability of the clustering patterns was assessed by bootstrapping ( Felsenstein 1985 ) , for the parsimony analyses, and by the significance of branch-length positiveness, for the minimum-evolution method (Rzhetsky and Nei 1992) .
Results
Amplification and Sequencing
With one exception, the targeted sequences ranging in size from -250 bp to -500 bp were successfully amplified from each of the six pinniped species and the dog as an outgroup (table 1) . The exception was the vH2AF pseudogene, which could not be obtained from dog. Amplifications of this locus were attempted with DNAs from several other terrestrial carnivores, and they resulted in vH2AF sequence from the old-world badger. For OQA, sequence from the dog was already available (Sarmiento et al. 1992 ). The sequence for the fur seal vH2AF locus could not be read because two or three products of slightly different length were amplified, which interfered with the direct PCR sequencing, and subsequent cloning of the separate fragments was not successful. Therefore vH2AI; sequence is available only for the phocids and not for all the pinnipeds. Length heterozygotes, typically differing by l-2 bp within homonucleotide runs, were present in the dog H2AF, ALD-A, and ALD-C loci; for these it was necessary to clone the amplification products in order to obtain sequence in both directions. At least two clones of each were sequenced to check for Taq polymerase errors. Because of the relatively small size of the amplification products, it was possible to obtain most of each sequence in both directions.
Alignment and Orthology of Sequences
The identity of the ALD-A, ALD-C, H2AF, and tyH2AF genes in the southern elephant seal was previously confirmed by comparison with the respective human genes (Slade et al. 1993) . The yH2AF gene in phocids was identified as a processed pseudogene because of the lack of introns, the large number of deletions relative to the human coding sequence, and the presence of stop codons in every reading frame (Slade et al. 1993 ) . This was also characteristic of the badger vH2AF gene, except that there was only a single-base-pair deletion relative to the human H2AF cDNA sequence. The control-region sequence was identified by reference to the complete mtDNA sequence of the harbor seal @mason and Johnsson 1992), and the DQA sequence was identified by comparison with the dog DQA gene (Sarmiento et al. 1992) .
The alignments for each locus, except DQA, are presented in figure 1 . The alignments of the DQA sequences were unambiguous in that they consisted entirely of coding sequence with no insertions/deletions (indels).
There were no length variants in any of the protein coding regions, and there were few indels in the scnDNA introns. Three large deletions were present in the vH2AF sequences of the phocids, relative to the badger and human sequences. Overall, the alignment of these scnDNA sequences presented little ambiguity. In contrast, there were numerous insertions and deletions in the mtDNA control region, particularly in relation to the fur seal and dog sequences. Three regions within which all sequences could not be satisfactorily aligned were identified (indicated by bars over the sequence in fig. 1 E) , and these were excluded for the phylogenetic ( fig. 2B ) and the saturation-of-substitution ( fig. 3 ) analyses.
The orthology of the ALD-A, ALD-C, and H2AF sequences across the taxa was inferred from the similarity of the respective exon sequences ( fig. 1 ) . The orthology of the mtDNA control-region sequences was inferred from the similarities within the flanking tRNA genes. The vH2AF sequence of the outgroup (old-world badger) is the only case where a paralogous sequence may have been obtained. Despite the badger being a mustelid, a carnivore family thought to be among the closest terrestrial relatives of pinnipeds @mason and Widegren 1986)) this sequence had far fewer deletions and nucleotide substitutions relative to the human H2AF coding sequence than was the case for the phocids ( fig.  1 D) , suggesting that the badger w H2AF sequence is the product of a reverse-transcription event more recent than that producing the phocid yH2AF locus. The unexpectedly close relationship between the badger pseudogene and the human coding sequence, to the exclusion of the phocid pseudogene sequences, was confirmed by phylogenetic analysis of these sequences with published H2AF cDNA sequences ( fig. 4 ).
Levels and Patterns of Sequence Variation
The combined data for the scnDNA loci constitute ~744 bp of intron, 264 bp of pseudogene, and 531 bp of exon sequences (table 1). The proportion of polymorphic nucleotide sites among pinnipeds varied widely among both genes and categories of sequence, ranging from 10.6 1% in the ALD-A intron to 2.33% in the ALD-C coding sequence. The mtDNA control region was highly variable (table I) , with -25% of nucleotide positions varying among the pinnipeds.
The estimated levels of sequence divergence showed a correspondingly broad range of variation among the different sequence categories (table 2). The lack of a very strong bias in GC content for all sequences (table  1) indicates that it is not necessary to consider this in the estimation of genetic distances (see Tamura 1992 ). There were no significant differences in genetic divergence among the scnDNA noncoding regions, and the scnDNA values were typically several-fold less than those for the control region (table 2) .
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estimates of minimum times of divergence against which to compare the amount of sequence divergence at the scnDNA and mtDNA loci. Individual comparisons of the transition and transversion rates of substitution show that transitions in the mtDNA control region have saturated by 30-40 Mya, while transversions in mtDNA, as well as both transitions and transversions in scnDNA, are accumulating linearly (fig. 3) .
The intron, pseudogene, and synonymous-site distance estimates for each comparison were combined to give weighted (by the number of sites) estimates of "silent site" sequence divergence. An average of these distances was taken, representing silent substitution rates for scnDNA, within four categories for which at least crude estimates of time since divergence can be made from the fossil record (table 3 ) . For the mtDNA control region, substitution rates were calculated only within the phocids, because at greater divergences several of the more rapidly evolving regions could not be aligned across all species (table 3 ) . The scnDNA substitution rates were consistent for the comparisons within pinnipeds, while the comparisons between pinnipeds and the dog resulted in a significantly higher substitution rate (table 3 ) . The estimated rates of substitution for the mtDNA control region were -5-10 times higher than that for scnDNA (table 3) . Time in millions of years 3.-Plot of sequence divergence (Kimura's two-parameter) for transitions (ts) and transversions (tv) separately against minimum divergence time estimated from the fossil record for mtDNA (mt) and scnDNA (nut) within the order Carnivora. The mtDNA divergences were calculated after removal of unalignable regions (see table 2). For details of the fossil record dates, see table 3.
Phylogenetic Analysis
For each nuclear DNA gene sequenced in all six pinniped species and a terrestrial carnivore outgroup (i.e., ALD-A, ALD-C, H2AF, and DQA), a minimumevolution tree was constructed, and the stability of branches was evaluated by branch-length positiveness. In accordance with recent interpretations, we are assuming pinniped monophyly with respect to the chosen terrestrial carnivore outgroup, i.e., canids (Sarich 1969; Tedford 1976; Arnason and Widegren 1986; Wayne et al. 1989; Wyss 1989) . The topologies of the single-gene trees varied ( figs. 5 A-D) , but most of the internal branches where short and were not strongly supported ( i.e., significance values were <95% ) .
To provide an overall estimate .of phylogeny on the basis of the scnDNA, sequences from the ALD-A, ALD-C, H2AF, and DQA genes were combined; the total data set contained > 1,250 bp of coding and noncoding sequence for each pairwise comparison.
The combined scnDNA tree from both minimum-evolution and parsimony analysis contained strongly supported nodes grouping the monachines (elephant, leopard, and weddell seals) and grouped these with the harbor seal to form the phocids ( fig. 2 A) . Within the monachines, the elephant seals formed one clade, and the antarctic monachines (i.e., leopard and weddell seals) formed another, although neither group was as strongly supported as were the monachines as a whole. Phylogenetic analysis of the mtDNA sequences ( fig. 2B ), by means of the 34 1 bp over which satisfactory alignments could be obtained, produced the same tree when the minimum-evolution and parsimony methods (the parsimony analysis included a 10: 1 weighting of transversions over transitions) were used, and this had the same topology as the combined scnDNA tree (see fig. 2 A) ; and, in this case, support for the monophyly of the elephant seals was also strong.
Sorting of Intraspecific Polymorphism
A previous analysis of variation in these sequences within the southern elephant seal (Slade et al. 1993) identified several polymorphisms (table 1 ), with the ALD-A gene being the most variable, since it had four variable nucleotide positions ( fig. 1 A) and five alleles among the 30 genes ( 15 individuals) assayed. There was considerably more intraspecific variation for the mtDNA control region; in this case, every individual was distinct and one was heteroplasmic, resulting in 16 alleles among the 15 individuals examined (R. W. Slade, unpublished data) . The detailed population genetic analyses of these data will be presented elsewhere; here we focus on the phylogenetic relations between the southern elephant 
cow (Bos taurus), rat (Rat&s norvegicus), chicken (Gallus gallus), and sea urchin (Strongylocentrus purpuratus).
The GenBank designations of the H2AF coding sequences used are HSH2AZ, BOVHIS2AZ, RSH2AZ, CHKH2AF, and SPH2AFZ, respectively.
The significance values for branch-length positiveness are shown. The branch separating the pinnipeds from the other sequences has a genetic distance of 19.20% f 3.14%.
seal alleles and those in the closely related northern elephant seal. For each of the three scnDNA loci that were polymorphic within the southern elephant seal (i.e., ALD-A, H2AF, and DQA), one allele was identical to that in the northern elephant seal. The situation is exemplified by ALD-A, where the most common allele in the southern elephant seal (the frequency of the most common allele [p] = 0.5) was also present in the northern elephant seal. The other four alleles from the southern elephant seal were 0.2 l%-0.63% divergent, such that the ALD-A alleles of the southern elephant seal were paraphyletic with respect to that in the northern elephant seal, in trees produced by either the minimum-evolution or parsimony methods. In contrast, the more diverse mtDNA alleles of the southern elephant seal were monophyletic with respect to the northern elephant seal sequence. The mean sequence divergence between southern elephant seal alleles and the northern elephant seal variant, 3.58% (range 2.55%-5.73%), was almost twice that of the mean sequence divergence among the 16 alleles within the former ( 1.89%, range 0.23%-4.46%).
Discussion
The major goal of this study was to determine whether the sequences amplified using primers located in conserved regions of exons would be useful for generating multigene phylogenies for closely related species. For this approach to be effective, three general conditions must be met: (i) orthologous sequences must be amplifiable from the taxa in question, including the outgroup(s); (ii) the sequences must be able to be aligned with minimal ambiguity; and (iii) there must be sufficient sequence divergence to construct a robust phylogeny. With some significant exceptions, these conditions were met by the above analysis of scnDNA sequences from pinnipeds.
Amplification of Orthologous Sequences by Using Broadly Applicable Primers
In the present study of pinnipeds and terrestrial carnivores, three of the scnDNA primer sets (i.e., Ald, H2AF, and DQA) produced high-quality sequences judged to be orthologous on the basis of characteristic features of the exon sequences. This was to be expected, because it previously had been established that these primers worked across phylogenetically diverse species (Slade et al. 1993) .
In contrast, the vH2AP pseudogenes amplified from the badger and from the phocids did not appear to be orthologous.
The amplification of intronless copies of genes (typically processed pseudogenes) is a common difficulty experienced when one tries to obtain intron sequences by using primers located in the adjoining exons (Slade et al. 1993) . We had previously shown that the vH2AFgene amplified with the H2A6 / H2A4 primers from a reptile and a mammal were not orthologous (Slade et al. 1993) . The results from the present study have shown that, even among less divergent taxa (i.e., members of the order Carnivora), processed pseudogenes may be nonorthologous, the badger sequence presumably being the result of a reverse-transcription event more recent than that which results in the pseudogene in the phocids (fig.  4) . The continuous creation of processed pseudogenes, either by reverse transcription or by duplication of preexisting pseudogenes, may also mean that more than one could be amplified from an individual (e.g., the fur seal vH2AF amplifications).
These characteristics suggest that pseudogenes, especially those isolated via PCR, will be of limited use for phylogenetic reconstructions, even in closely related taxa, unless they and the surrounding regions are very well characterized (e.g., pseudogenes within the globin cluster; Miyamoto et al. 1987) . A second, equally important aspect of orthology is getting the correct alignment of the nucleotide positions (i.e., positional homology; Swofford and Olsen 1990) . Noncoding sequences such as introns present a potential problem because there is no reading frame to constrain the location and extent of indels. Over the scale of divergences examined here, there is sufficient conservation of sequence and, apparently, few indels, so that the alignments of the introns ( fig. 1 ) seem reasonable. However, the use of introns to examine relationships among more divergent taxa (e.g., among mammalian orders; Bailey et al. 1992 ) may be suspect because of ambiguous alignment. Ray 1976) . Similar dates can also be found in the work of King (1983) .
' The weddell seal and the leopard seal.
Sequence Divergence and Phylogenetic Signal
Keeping in mind the need for efficiency and economy if this approach is to be generally useful, we deliberately targeted relatively short (<500-bp) products, in order to be able to obtain sequence in both directions by using the original primers. This obviously restricted the amount of phylogenetically informative variation that could be obtained from each individual gene. As might be expected, the only gene that produced a robust phylogeny congruent with the mtDNA tree was ALD-A, the most variable of the scnDNA sequences. The differences in the topologies produced by the other nuclear genes were, in most cases, less well supported and, in light of the low sequence divergences, probably reflect lack of resolution rather than real differences in gene trees.
The combined scnDNA tree was virtually identical to the ALD-A tree, with regard to significance of the branch lengths. This suggests that the topology and significance of the combined scnDNA tree are due primarily to the ALD-A sequence. However, combining the ALD-C, H2AF, and DQA sequences, whose individual topologies are different both from each other and from the combined scnDNA, produced the following tree: (dog, ( fur, (harbor, (( weddell,leopard [ 78 J ) , ( northern elephant,southern elephant [ 411) [ 87])[ 641))). This topology is identical to the complete data set ( fig. 2 A) , although the branch lengths are not significantly positive. This illustrates the power of combining several short sequences, each of which gives a different but poorly supported topology, to give the correct topology.
The low divergence for each of the amplified sequences suggests that this approach will be of limited use for testing the extent to which individual gene trees differ among closely related species (as predicted by Pamilo and Nei 1988; Wu 199 1) . However, the combined scnDNA sequences appear to diverge without saturation, ~40 Mya ( fig. 3) ) and to provide useful phylogenetic information over this range, particularly for species that separated > 15 Mya (e.g., Monachinae vs. Phocinae; fig. 2A ). The upper limit on the utility of these sequences for phylogenetic analysis is not clear, but it is likely to be set by ambiguity of aligning the nucleotide positions within the introns rather than by saturation for base substitutions.
In this particular case, the phylogenetic trees generated from the combined scnDNA and mtDNA sequences were completely congruent and in agreement with other molecular and morphological studies (e.g., Amason and Widegren 1986; Wyss 1989). In one sense, this brings home the power of mtDNA analysis, as this phylogeny was more robust and was obtained from a far shorter, but more diverse, sequence than was the combined scnDNA. However, it will not always be the case that the single-gene mtDNA phylogeny is congruent with organismal evolution, so that the pursuit of multigene scnDNA phylogenies remains an important undertaking ( see also Degnan 1993 ) .
Effects of Intraspecific Polymorphism
For the southern elephant seal, the scnDNA loci showed considerably less polymorphism than did the mtDNA control region, but the alleles at each polymorphic scnDNA locus (i.e., ALD-A, DQA, and H2AF) were paraphyletic with respect to the northern elephant seal allele, whereas the more numerous mtDNA alleles were monophyletic.
This analysis is limited in that it did not examine polymorphism in the northern elephant seal; however, several studies have shown that the northern elephant seal has extremely low diversity,
